Abstract
Introduction
The UV spectrum is divided by wavelength into UVA (320-400 nm), UVB (290-320 nm) and UVC (200-290 nm) (Matsumura and Ananthaswamy, 2004) . Among them, the acute and chronic exposure of skin to UVB irradiation can cause various inflammatory responses, including sunburn cell formation (erythema), alterations of vascular responses, the production of inflammatory mediators and the infiltration of inflammatory cells, leading to skin disorders (Clydesdale et al., 2001) . Upon UVB irradiation in skin epidermis, keratinocytes are a major cell type that contributes to the synthesis of pro-inflammatory cytokines, such as TNF-α, IL-1α, IL-6 and IL-8 (Kock et al., 1990; Chung et al., 1996; Gebhardt et al., 2007) .
IL-6 is up-regulated in skin inflammatory diseases (e.g., psoriasis and atopic dermatitis) and is involved in the pathogenesis of skin squamous cell carcinoma (SCC) (Grossman et al., 1989; Shinoda et al., 1998; Nishimoto and Kishimoto, 2004 ; (0, 25, 75 or 150 nM) . After 24 h, the culture media were harvested, and IL-6 was measured by ELISA. Data indicate the means ± S.D. of three independent experiments (**P ＜ 0.01). Lederle et al., 2011) . In psoriasis, IL-6 potentially induces lymphocyte infiltration and stimulates keratinocyte proliferation (Grossman et al., 1989) . In addition, up-regulated IL-6 exacerbates the symptoms of atopic dermatitis (Shinoda et al., 1998) . Also upon UV irradiation, IL-6 is markedly increased and contributes to cutaneous inflammatory responses (Chung et al., 1996; Grone, 2002) . IL-6-deficient mice show a defective cutaneous immune response following UVB exposure, indicating that IL-6 is a crucial mediator in the inflammatory response of skin (Shinoda et al., 1998; Nishimura et al., 1999) . Thus, the regulation of IL-6 expression is expected to be important in understanding inflammatory skin diseases.
12(S)-Hydroxyheptadeca-5Z,8E,10E-trienoic acid (12-HHT) is a cyclooxygenase (COX)-derived arachidonic acid metabolite that is mainly produced by activated human platelets (Hamberg et al., 1974; Okuno et al., 2008) . 12-HHT is an abundant metabolite of the arachidonic acid cascade in tissues and cell types, e.g., vascular tissue, intestinal tissue, alveolar macrophages and bodily fluids (Caprino et al., 1982; Punnonen et al., 1984; John et al., 1998) , but little is known about its physiological roles and pathological relevance.
In this study, we found that 12-HHT inhibits the UVB-induced activation of the p38 MAPK/NF-κB pathway by up-regulating MAPK phosphatase-1 (MKP-1), which leads to the down-regulation of IL-6 synthesis in keratinocytes. These findings provide a novel insight into the function of 12-HHT in UVB-induced skin inflammation and suggest a potential application agent for the treatment of skin inflammatory diseases.
Results

12-HTT down-regulates UVB-induced IL-6 synthesis in HaCaT cells
To investigate the role of 12-HHT in the inflammatory responses of keratinocytes, we initially examined the effect of various UV doses on cell viability. HaCaT cells were irradiated with UVB at 5, 10 and 20 mJ/cm 2 , and the number of viable cells was estimated by a trypan-blue exclusion assay. At 5 mJ/cm 2 , UVB had no effect on cell viability ( Figure  1) , and thus, a dose of 5 mJ/cm 2 was chosen for further experiments. To assess the role of 12-HHT in UVB-induced inflammation, we analyzed the effect of 12-HHT on the UVB-induced inflammatory cytokine, IL-6. UVB (5 mJ/cm 2 ) irradiation markedly up-regulated IL-6 synthesis and release (Figures 2A and 2B) , which was suppressed by the treatment with 12-HHT in a concentration-dependent manner ( Figures 2C and 2D ). Taken together, these results suggest that 12-HHT has anti-inflammatory activity by attenuating the UVB-induced IL-6 synthesis in HaCaT cells. 2 ), the HaCaT cells were immediately incubated with ethanol (control) or 12-HHT (150 nM) for 60 min. The cell lysates were prepared and examined by western blotting using antibodies specifically recognizing p38 MAPK and p-p38 MAPK. The p-p38 MAPK signals are presented as the fold induction relative to the control samples and are shown with densitometry values expressed as the means ± S.D. of three independent experiments. (D) HaCaT cells were co-transfected with both NF-κB-dependent luciferase construct and pSV40-β-galactosidase construct for 24 h and serum-starved for an additional 6 h. These transfected cells were either sham-irradiated or stimulated with UVB (5 mJ/cm 2 ) and treated with ethanol (control) or 12-HHT (150 nM) for 1 h. The relative fold increase of luciferase activity was calculated, as described in the Methods. Data indicate the means ± S.D. of three independent experiments (*P ＜ 0.05 and **P ＜ 0.01).
12-HHT reduces UVB-induced IL-6 synthesis via inhibition of the p38 MAPK/NF-κB pathway
We next investigated the signaling mechanism by which 12-HHT down-regulates IL-6 synthesis upon UVB irradiation. MAPK has been implicated in the synthesis of the inflammatory cytokines induced by UV irradiation (Peus et al., 1999; Pfundt et al., 2001; Bode and Dong, 2003) . Thus, we hypothesized that the ability of 12-HHT to modulate IL-6 synthesis would be mediated by MAPK and, subsequently, the pro-inflammatory activities of transcription factors, such as NF-κB. In accordance with previous reports, the activation of MAPK reached a maximum at 60 min post-irradiation ( Figure 3A) . Furthermore, IL-6 synthesis upon UVB irradiation was attenuated when the HaCaT cells were treated with MAPK inhibitors [e.g., p38 kinase inhibitor SB203580, ERK inhibitor PD98059 or JNK inhibitor SP600125], and, among these, SB203580 showed the most marked attenuation effect ( Figure 3B ). These results suggest that p38 MAPK is a major regulator of IL-6 synthesis. Next, the measurement of MAPK phosphorylation using western blotting revealed that the UVB-induced phosphorylation of p38 MAPK was significantly suppressed by 12-HHT treatment ( Figure 3C ); in contrast, no notably changes were detected in the phosphorylation of ERK or JNK (Supplemental Data Figure S1 ), indicating that 12-HHT down-regulates UVB-induced IL-6 synthesis in a largely p38 MAPK-dependent manner. It is well known that NF-κB acts down-stream of p38 MAPK in UV-induced signal transduction, thus regulating the expression of a variety of inflammatory cytokines. Therefore, we investigated the effect of 12-HHT on UVB-induced NF-κB activation, using a luciferase reporter gene assay. We detected an inhibitory effect of 12-HHT on the UVB-induced activation of NF-κB, showing that pretreatment with Bay11-7082, a specific inhibitor of NF-κB, markedly prevented UVB-induced IL-6 synthesis ( Figure 3B ) and that treatment with 12-HHT substantially reduced the transcriptional activity of NF-κB in HaCaT cells after UVB irradiation ( Figure 3D ). Taken together, these results suggest that 12-HHT inhibits the p38 MAPK/NF-κB pathway which is activated by UVB irradiation, thus leading to the reduction of IL-6 synthesis.
12-HHT inhibits UVB-induced IL-6 synthesis through the induction of MKP-1
MKP-1 is a dual-specificity phosphatase that directly dephosphorylates p38 MAPK and, thus, attenuates UV-induced inflammation (Keyse, 1995; Li et al., 2011) . To examine whether 12-HHT regulates MKP-1, we performed semi-quantitative RT-PCR and western blotting. As shown in Figure 4A , the levels of MKP-1 mRNA and protein were markedly enhanced by 12-HHT treatment upon UVB irradiation. This result was further confirmed by a MKP-1-dependent luciferase assay, which demonstrated that 12-HHT increased the activity of the MKP-1 Then, these cells were starved for 6 h, sham-irradiated or exposed to UVB (5 mJ/cm 2 ) and treated with either ethanol (control) or 12-HHT (150 nM). After 24 h, the level of secreted IL-6 in the culture medium was quantified by ELISA. (E) HaCaT cells were transfected with control or MKP-1 siRNA (20 nM) for 24 h. Then, these cells were starved for 6 h, sham-irradiated or exposed to UVB (5 mJ/cm 2 ) and treated with either ethanol (control) or 12-HHT (150 nM). The extracted proteins were analyzed by western blotting with antibodies against p-p38 MAPK, p38 MAPK and p-IκBα for 1 h. α-Tubulin was used as the loading control. Data indicate the means ± S.D. of three independent experiments (*P ＜ 0.05 and **P ＜ 0.01).
promoter ( Figure 4B ). Additionally, treatment with 12-HHT alone rapidly augmented the MKP-1 level under normal conditions without UVB irradiation ( Figure 4C ). Subsequently, to determine whether the inhibitory effect of exogenous 12-HHT on IL-6 synthesis is mediated by the up-regulation of MKP-1 upon UVB irradiation, we performed knock-down experiments, using MKP-1-specific siRNA in 12-HHT-treated HaCaT cells. As shown in Figure  4D , the MKP-1 knock-down with siRNA significantly rescued the 12-HHT-suppressed IL-6 synthesis upon UVB irradiation. These results suggest that MKP-1 plays a critical role in mediating the anti-inflammatory action of 12-HHT. Moreover, the up-regulation of MKP-1 by exogenous 12-HHT was correlated with a suppression of the phosphorylation of both p38 MAPK and IκBα, showing that the blockage of MKP-1 markedly recovers the phosphorylation of both p38 MAPK and IκBα which was attenuated by 12-HHT ( Figure 4E ). Collectively, these results strongly suggest that 12-HHT induces MKP-1 expression, which is necessary for the down-regulation of p38 MAPK/NF-κB signaling, resulting in the reduction of IL-6 synthesis in UVB-irradiated HaCaT cells.
Discussion
In the present study, we demonstrated that 12-HHT plays a role in reducing UVB-induced IL-6 synthesis, thereby potentially mediating the anti-inflammatory actions of keratinocytes. Additionally, we extensively analyzed the key molecules contributing to the reduction of IL-6 in the 12-HHT-induced pathway and found that the up-regulation of MKP-1 by exogenous 12-HHT inhibits UVB-stimulated p38 MAPK and NF-κB signaling. Our findings provide valuable insight into potential therapies for skin inflammation.
The chronic exposure to UVB irradiation causes several skin disorders, such as sunburn, skin cancer and photo-aging, via inflammatory responses (Clydesdale et al., 2001; Kim et al., 2010; Ryu et al., 2010) . These inflammatory responses are mediated by various cytokines, including IL-1, IL-6 and TNF-α upon UVB irradiation (Kock et al., 1990; Chung et al., 1996; Grone, 2002; Gebhardt et al., 2007) . Among these cytokines, we focused on the regulation of IL-6, a critical pro-inflammatory cytokine that induces a local skin inflammatory response following UV irradiation (Wlaschek et al., 1994) . IL-6 expression depends on the UVB-induced activation of MAPK, which leads to such down-stream events as NF-κB activation (Simon et al., 1994; Chen and Bowden, 1999; Wan et al., 2001; Kim et al., 2005a; Katiyar and Meeran, 2007) . In this study, we examined whether the down-regulation of IL-6 by 12-HHT treatment is mediated by the inhibition of MAPK phosphorylation upon UVB irradiation. We observed that, upon UVB irradiation, the 12-HHT treatment significantly inhibited p38 MAPK activation ( Figure 3C ), but did not affect ERK or JNK activation (Supplemental Data Figure S1 ). Furthermore, the inhibition of p38 MAPK resulted in more significant reduction of UVB-induced IL-6 synthesis than did the inhibition of ERK or JNK ( Figure 3B ). Thus, our results suggest the importance of p38 MAPK as a major component in the 12-HHT-induced signaling pathway. Since it has been reported that p38 MAPK could up-regulate NF-κB activity (Guha and Mackman, 2001; Shin et al., 2011) , next, we examined the role of p38 MAPK in NF-κB activation for the synthesis of IL-6 in UV-irradiated HaCaT cells. As expected, p38 MAPK inhibition by SB203580 significantly diminished phosphorylation of IκBα, which suggests that p38 MAPK leads to NF-κB activation by inducing phosphorylation of IκBα (Supplemental Data Figure  S2 ). In addition, we showed that the induction of NF-κB transcriptional activity by UVB irradiation is clearly suppressed by treatment with 12-HHT ( Figure  3D ). Taken together, our results demonstrate that 12-HHT inhibits UVB-induced IL-6 synthesis via the negative regulation of p38 MAPK and the subsequent suppression of NF-κB activity.
As a novel anti-inflammatory molecule, MKP-1, a dual-specificity (Ser/Thr or Thr/Thr) protein phosphatase, plays a crucial role in the regulation of inflammatory responses (Abraham and Clark, 2006; Lang et al., 2006; Quante et al., 2008) . In particular, MKP-1 negatively regulates immune responses by directly deactivating p38 MAPK, which leads to the attenuation of pro-inflammatory cytokine synthesis (Wang and Richmond, 2001 ). Furthermore, antiinflammatory agents, such as glucocorticoids, IL-10 and glutamine, inhibit the p38 MAPK and JNK cascade by up-regulating MKP-1 (Wang and Liu, 2007) . In addition, recently, it was reported that 15-deoxy-Δ 12,14 -PGJ 2 , a COX-derived lipid molecule, suppresses monocyte chemoattractant protein-1 (MCP-1) expression in IFN-γ-stimulated astrocytes through the induction of MKP-1 (Kim et al., 2005b; Lee et al., 2008) . Thus, we hypothesized that MKP-1 is a critical mediator of the reduction of p38 MAPK-mediated IL-6 synthesis in 12-HHT-treated HaCaT cells. Indeed, we observed that 12-HHT upregulated MKP-1 expression in both non-irradiated and irradiated HaCaT cells (Figures 4A-4C ). Like many other immediate-early genes, MKP-1 expression is regulated mainly at the transcriptional level and several transcription factors including activator protein-1 (AP-1), AP-2, trans-acting transcription factor-1 (SP-1), cAMP-responsive element sites (CRE) and neurofibromin 1 (CTF/NF-1) influence the MKP-1 gene transcription (Kwak et al., 1994; Casals-Casas et al., 2009) . Thus, we speculate that 12-HHT somehow stimulates those transcription factors to up-regulate transcription of MKP-1. However, the detail signaling mechanism by which 12-HHT leads to MKP-1 transcriptional up-regulation needs to be further determined. Additionally, the silencing of MKP-1 by specific siRNA prevented the effects of 12-HHT, leading to the recovery of p38 MAPK/NF-κB signaling and subsequently, IL-6 synthesis in UVB-irradiated cells ( Figures 4D and 4E and Supplemental Data Figure  S3 ). Based on our results, 12-HHT inhibits the p38 MAPK signaling pathway that leads to IL-6 synthesis by up-regulating MKP-1 expression.
12-HHT, a COX-derived arachidonic acid metabolite, is abundant in tissues and bodily fluids (Caprino et al., 1982; Punnonen et al., 1984; Peus et al., 1999) , but little is known about its physiological functions. Recently, Iizuka et al. suggested that 12-HHT may mediate an anti-inflammatory response via its possible receptor, BLT2, in dextran sodium sulfate (DSS)-induced inflammatory colitis (Iizuka et al., 2010) . In the present study, we discovered a potential anti-inflammatory role of 12-HHT, showing that IL-6 synthesis is reduced by 12-HHT-induced MKP-1 expression in UV-irradiated keratinocytes. To evaluate the mechanism of 12-HHT action further, we also examined the effect of BLT2 inhibition on MKP-1 expression in UVB-irradiated HaCaT cells. As shown in Supplemental Data Figures S4A and S4B , BLT2 inhibition by the specific antagonist, LY255283, or specific siRNA abolished the 12-HHT-induced expression of MKP-1 upon UVB irradiation, indicating that 12-HHT may act in a BLT2-dependent manner. BLT2 has a broad substrate specificity for several eicosanoids, including LTB4, 12(S)-HETE, 12(S)-HPETE, 15(S)-HETE and 12-HHT (Tager and Luster, 2003; Okuno et al., 2008; Cho et al., 2011) . Furthermore, as LTB4 and 12(S)-HETE are increased by UVB irradiation , LTB4 and 12(S)-HETE may have potential roles in skin inflammation. Thus, further studies will be needed to determine whether BLT2 ligands other than 12-HHT are involved in the skin inflammatory responses to UVB irradiation.
In conclusion, we showed that 12-HHT inhibits the UVB-stimulated p38 MAPK/NF-κB pathway by up-regulating MKP-1, which leads to the suppression of IL-6 synthesis ( Figure 5 ). Considering the critical role of IL-6 in skin inflammatory responses, our results suggest that 12-HHT exerts anti-inflammatory effects as an inhibitor of IL-6 function. Furthermore, we believe that these findings will contribute to the development of effective therapies for skin inflammatory diseases.
Methods
Cell culture and chemicals
The human skin immortalized keratinocyte cell line HaCaT was maintained in DMEM (GIBCO, Grand Island, NY) supplemented with 10% FBS (HyClone, Logan, UT) and antibiotic-antimycotic solution (GIBCO) at 37 o C in a humidified atmosphere with 5% CO2. LY255283 and 12-HHT were purchased from the Cayman Chemical Company (Ann Arbor, MI). The polyclonal antibodies against JNK, ERK and p38 MAPK were obtained from Cell Signaling Technology (Danvers, MA), and the polyclonal antibodies against MKP-1 and α-tubulin were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). SB203580, PD98059, SP600125 and Bay11-7082 were all obtained from Calbiochem (San Diego, CA). All of the other chemicals were from standard sources and were of molecular biology grade or higher.
UVB irradiation
Cells were starved with serum-free DMEM for 12 h. Prior to the UVB irradiation, the medium was removed from the dishes, and the cells were washed with PBS, followed by the addition of 200 μl PBS into the dish to keep the cells wet. The cells were irradiated using a UV cross-linker (Upland, CA), with five 8 W tubes that emitted most of their energy within the UVB range, with an emission peak at 302 nm. The dose of UVB was exactly calculated using a UVB meter. Conditioned medium was added to the dish after the removal of the PBS.
Trypan blue exclusion assay
Cell viability was assessed by the trypan blue exclusion assay after UVB irradiation. The cells were trypsinized at each time point and counted using a hemocytometer under light microscopy after adding 0.14% (w/v) trypan blue solution. The cell viability is expressed as a percentage of the total cell population.
Semi-quantitative RT-PCR
Total cellular RNA was extracted using Easy Blue TM (Intron Company, Seongnam, Korea), and 2 μg of the extracted RNA was reverse-transcribed using M-MLV reverse transcriptase (Invitrogen, Carlsbad, CA). IL-6, MKP-1 and GAPDH transcripts were amplified using an RT-PCR PreMix Kit (Intron Company). For the semi-quantitative analysis of the transcripts, we first determined the optimal PCR conditions for the linear amplification of GAPDH. The primers used were as follows: 5′-CCAGTACCCCCAGGAG AAGA-3′ (forward) and 5′-GCATCCATCTTTTTCAGCCA-3′ (reverse) for human IL-6; 5′-CCTCAAAGGAGGATACGAA GC-3′ (forward) and 5′-GCTCTTGTACTGGTAGTGACC-3′ (reverse) for human MKP-1; and 5′-CTGCACCACCAACT GCTTAGC-3′ (forward) and 5′-CTTCACCACCTTCTTGAT GTC-3′ (reverse) for GAPDH. The PCR products were electrophoresed on an agarose gel and visualized using ethidium bromide staining.
Western blotting
Protein samples were heated at 95 o C for 3 min and then subjected to SDS-PAGE on acrylamide gels, followed by transfer to PVDF membranes using a wet transfer unit (NOVEX; 1 h at 100 V). The membranes were then blocked for 1 h with TBS containing 0.05% (v/v) Tween 20 plus 5% (w/v) nonfat dry milk and incubated for 2 h with the appropriate primary antibodies in TBS containing 0.05% (v/v) Tween 20 plus 3% (w/v) BSA, followed by incubation for 1 h with HRP-conjugated secondary antibodies. The bands were developed using an ECL kit (Amersham Biosciences, Piscataway, NJ).
Quantification of IL-6 using ELISA
HaCaT cells were seeded on 60 mm dishes and grown to 90% confluence. The cells were starved with serum-free DMEM for 12 h and then irradiated with UVB (5 mJ/cm 2 ). At the indicated times, 1 ml of the medium was centrifuged for 15 min at 4 o C. The supernatants containing IL-6 were freeze-dried, and the level of IL-6 was quantified using an IL-6 ELISA kit (Koma Biotech, Seoul, Korea) according to the manufacturer's instructions.
RNA interference for MKP-1 and BLT2
The MKP-1-specific siRNA (5'-CCAAUUGUCCCAACCAU UU-3') was purchased from Dharmacon Research (Lafayette, CO), and the BLT2-specific siRNA (5′-CCACG CAGTCAACCTTCTG-3′) and control (scrambled) siRNA were purchased from Bioneer (Daejeon, Korea) (Hennig et al., 2008) . For the RNA interference experiments, cells were plated at a density of 4 × 10 5 cells per 60 mm dish. After 24 h, the cells were transfected with the above oligonucleotides using the oligofectamine reagent (Invitrogen) in accordance with the manufacturer's instructions. After 24 h, the level of each mRNA was analyzed by RT-PCR to evaluate the degree of knock-down.
Luciferase reporter gene assay
HaCaT cells were transfected with 2.5 μg of luciferase reporter construct using the Lipofectamine transfection reagent (Invitrogen) in accordance with the manufacturer's instructions. The MKP-1-luciferase reporter plasmid was kindly provided by Dr. Yusen Liu (Ohio State University, OH). To monitor the variations in the cell number and transfection efficiency, HaCaT cells were also transfected with 1 μg of pSV40-β-galactosidase, a eukaryotic expression vector containing the Escherichia coli β-galactosidase (lacZ) structural gene under the control of the SV40 promoter. At 24 h after transfection, the cells were starved with serum-free DMEM prior to UVB irradiation. The luciferase activity was measured using a Junior luminometer (Berthold, Germany) at the indicated times after UVB irradiation (5 mJ/cm 2 ). The relative fold increase in the luciferase activity was calculated as previously described (Woo et al., 2005) .
Data analysis and statistics
The results are presented as the means ± SD. The analyses were performed using the Student's t test. Values of P ＜ 0.05 were considered to be significant.
Supplemental data
Supplemental data include four figures and can be found with this article online at http://e-emm.or.kr/article/article_ files/SP-44-6-03.pdf.
